The presence of mobile ions complicates the implementation of voltage modulated scanning probe microscopy techniques such as Kelvin probe force microscopy (KPFM). Overcoming this technical hurdle, however, provides a unique opportunity to probe ion dynamics and electrochemical processes in liquid environments and the possibility to unravel the underlying mechanisms behind important processes at the solid-liquid interface including adsorption, electron transfer, and electrocatalysis. Here, we describe the development and implementation of electrochemical force microscopy (EcFM) to probe local bias-and time-resolved ion dynamics and electrochemical processes at the solid-liquid interface. Using EcFM, we demonstrate contact potential difference measurements, consistent with the principles of open loop KPFM operation. We also demonstrate that EcFM can be used to investigate charge screening mechanisms and electrochemical reactions in the probe-sample junction. We further establish EcFM as a forcebased imaging mode, allowing visualization of the spatial variability of sample-dependent local electrochemical properties.
Understanding local electrostatic and electrochemical phenomena at the solid-liquid interface is crucial to areas ranging from corrosion, 1,2 sensing, 3 energy conversion 4 and storage 4, 5 to biology and biochemistry. 6 Of particular interest are the local electrochemical processes governing the operation of energy conversion and storage devices, such as lithium ion batteries, 7 electrochemical capacitors, 8 and fuel cells. 9 Significant progress has been achieved in developing a theoretical understanding of the complex diffuse charge dynamics in electrochemical systems, involving both Faradaic (e.g., redox reaction) and non-Faradaic (e.g., electric double layer charging) processes. [10] [11] [12] [13] However, a complete understanding of such processes requires scanning probe microscopy (SPM) techniques capable of mapping electrostatic and electrochemical phenomena at the solid-liquid interface with a lateral resolution commensurate with the length scale of the phenomena.
In ambient and vacuum environments, the electrostatic properties of surfaces can be mapped by Kelvin probe force microscopy (KPFM). [14] [15] [16] In KPFM, the electrostatic force, F el = -½C´z(V tip -V cpd ) 2 , acting on a probe due to the application of a tip voltage, V tip = V dc + V ac sin(ωt), is detected via the first harmonic electrostatic force response of the cantilever, F ω = -
, where V ac and V dc are AC voltage and DC bias applied to the tip (or sample), C´z is the tip-sample capacitance gradient, and V cpd is the contact potential difference (CPD). 14 A feedback loop is employed to minimize the first harmonic response through the application of a DC bias proportional to the CPD between the probe and sample. The second harmonic component of the electrostatic force, F 2ω = ¼C´zV ac 2 cos(2ωt) is assumed to be independent of the CPD and DC bias. In order to obtain meaningful materials and system properties using conventional KPFM, the dielectric in the tip-sample junction must behave like a lossless dielectric (e.g., a vacuum), resulting in both a first harmonic response that is linear with 3 respect to applied DC bias and a time-invariant electrostatic force. At the same time, the measurement itself must not alter the true CPD.
These conditions, fundamental to conventional KPFM operation, are expected to be violated in liquids containing mobile ions when AC voltage and/or DC biases are applied due to bias-induced electrochemical and electrokinetic phenomena. 17, 18, 19 To date, KPFM has been implemented in liquid in the absence of ions (non-polar liquid) 20 and limited progress has been obtained in low molarity electrolytes (< 10 mM) using KPFM modes which do not require bias 
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Charging dynamics
Recent reports of charge density 26 30, 31 The model takes into account non-linear phenomena such as ion diffusion and steric effects including ion crowding, which become particularly important at larger biases (>> kT/e) and higher ion concentrations. For clarity, we first determine the charge dynamics of the system in response to the application of a small voltage step (30 mV), where steric effects are largely absent (Fig. 1a) . The electrodes are separated by a distance L = 200 nm in a 10 mM 1:1 electrolyte. We observe a time varying non-linear potential distribution in the electrode junction.
The time it takes the system to reach a steady state (~ 50 μs, dashed line in Fig. 1a ) can be understood when one considers the relaxation time scales associated with the various electrochemical phenomena involved in reaching electrochemical equilibrium. Once the circuit is closed, ions undergo electromigration in response to the applied electric field, forming electric double layers which electrically screen the polarized electrode. The time it takes an ion to diffuse across the electric double layer is the Debye time,
, where  is the Debye screening length and D is the ion diffusivity across  (ref. 10) . The Debye time is typically in the ns -µs range for low molarity aqueous solutions and is 5.2 ns for the model electrolyte capacitor used in Fig. 1a . Even after the formation of the electric double layers, the system has yet to achieve electrochemical equilibrium. The ion concentration gradient away from the electrode surface induces diffusion of ions towards the electrodes, resulting in a net uptake of ions from the neutral bulk electrolyte into the double layer. The timescale of this bulk diffusion process,
, where L is the electrode separation, is usually much slower (5.7 µs for Fig. 1a) than the Debye time, as it is governed by the geometry of the system. 10 The third major time scale in the system is the time required for the diffuse layer charge relaxation through bulk electrolyte conduction,
(172 ns for Fig. 1a ). In equivalent circuit theory, this time is referred to as the electric double layer charging time (i.e., RC time, where R and C are the resistance and capacitance of the circuit). These relaxation times are calculated for both milliQ water and 10 mM 1:1 electrolyte in Supplementary Table 1 for capacitors with small (200 nm) and large (15 μm) electrode separations, representing the tip-and cantilever-sample distances employed in this work. For larger biases (> 30 mV), the picture becomes more complicated due to ion crowding and ultimately Faradaic reactions for non-blocking electrodes.
Diffuse charge dynamics are present for all tip-sample and cantilever-sample separations, and need be taken into consideration for all VM-SPM experiments in liquids containing ions.
Even under a purely AC voltage excitation, careful consideration must be paid to the timescales of voltage-induced electrochemical processes. accessible using commercial AFM systems (DC -~ 10 MHz). Notably, it may be possible to determine the electronic properties (e.g., CPD 32 and dielectric constant 27, 28 ) of the sample when operating in region III, where the electric double layer charging and ion diffusion processes occur at a time scale much slower than the measurement time (i.e., mobile ions are in quasi-static equilibrium). 32 While measurements of CPD in higher (> 100 mM) ion concentrations are attractive for many energy and biological systems, they become impractical in the presence of ion dynamics (region II) and Faradaic processes at longer time scales (region I). At the same time, operating in regions I and/or II presents an opportunity to probe important electrochemical phenomena in the tip-sample junction. These considerations necessitate the development of a multidimensional spectroscopic approach to investigate the role ion dynamics and electrochemical processes play on the forces experienced by a VM-SPM probe.
Electrochemical force microscopy
The complex time and bias dependence in regions I and II preclude describing ion dynamics in terms of a single parameter (e.g., CPD as determined by conventional KPFM). Hence, probing electrochemical phenomena at the solid-liquid interface requires probing bias-and time-resolved dynamics at each spatial point. Here, we have developed such a multidimensional spectroscopic approach, referred to as EcFM.
In EcFM measurements, the tip is positioned a specified distance (200 nm for measurements shown) from the surface, and electrochemical processes in the tip-sample junction are activated using a set of bipolar pulses (typically 50 -100 ms) amplitude-modulated by a slowly varying linear waveform (0.01 Hz). A single frequency AC excitation (Fig. 2a) is used with lock-in detection to record both the amplitude and phase of the first (A ω and θ ω , respectively) and second (or higher) harmonic response. The EcFM data is collected both during the bias application (bias-on state) and following the bias application (bias-off state). Here, we consider only the bias-on state. In air, the cantilever rapidly responds to the applied bias and quickly reaches, and remains, at equilibrium (Fig. 2b) . The amplitude response in air has a linear bias dependence, verifying a purely electrostatic response and satisfying key requirements for determining the CPD using conventional KPFM. In liquid, the scenario is more complex and several characteristic bias regimes of dissimilar behaviour are present (Fig. 2c) . An alternative illustration of a typical first harmonic EcFM amplitude response is shown in Fig. 3a , where a 2D plot represents the bias and time dependence for a single location, recorded in milliQ water 200 nm above an Au electrode. The maximum in the EcFM amplitude response occurs at < ~ 10 ms, relaxing to an equilibrium value within the measurement window (100 ms). Slight divergence from this equilibrium baseline becomes visible at higher biases (> 500 mV). This relatively high response at fast detection rates is comparable to other pulsed electrochemical techniques, where capacitive charging of the electric double layer dominates the response. 33 Similar to KPFM in air, for fast EcFM detection (< 1 ms) in milliQ water, we observe a linear bias dependence and amplitude minimum, suggesting that the EcFM response is dominated by an electrostatic interaction (i.e., Maxwell stress) in this regime. Under such circumstances, EcFM operation is in principle equivalent to open loop KPFM operation. 34 The CPD between the tip and Au electrode at 500 μs was determined from a linear fit of the EcFM 8 mixed response (i.e., A ω (cosθ ω )) vs. bias to be 139 ± 23 mV (Fig. 3b) . At longer detection times, however, as partial screening of the charge on the electrode occurs, a unique EcFM amplitude minimum is no longer observed, illustrating why the conditions required for conventional KPFM cannot be satisfied in ion containing solutions. (Supplementary Fig. 1 ). In general, the response was seen to relax to electrochemical equilibrium within 20 ms (Fig. 3c) , consistent with the disappearance of the amplitude minimum ( Supplementary Fig. 1 ).
Unlike KPFM, EcFM contains important information pertaining to charge screening mechanisms (see Supplementary Fig. 2 and 3) . To demonstrate this, we modelled the charging of polarized capacitor plates separated by 200 nm (tip-sample) and 15 μm (cantilever-sample) in response to a 250 mV bias pulse in milliQ water ( Supplementary Fig. 3 ). Like in any RC circuit, the charging/discharging mechanism of a diffusion driven process is expected to show a simple exponential decay. In this case, the modelled data was found to be best described by a double exponential fit (see Supplementary Fig 5) , with relaxation times of 1.86 ± 0.01 ms and 10.27 ± 0.02 ms. This is in agreement with the experimental data in response to a 225 mV step bias, which yields relaxation time constants of 1.24 ± 0.04 ms and 6.28 ± 0.21 ms ( Supplementary   Fig. 4 ). Note that EcFM data was recorded with bias steps of 75 mV, thus direct comparison with data recorded at 250 mV was not possible. It was also found that for small biases (< 10 mV) the modelled electric double layer at a terminal plate demonstrated an exponentially decaying response, whereas for larger biases (> 100 mV) a double exponent was required to describe the modelled data ( Supplementary Fig. 5 ). The differences observed between low and high biases are likely a consequence of ion depletion close to the diffuse layers after the electric double layer screening has occurred. With stronger depletion, the ion redistribution from the bulk will be more noticeable, which is expected for larger biases. InSupplementary The osmotic pressure component in our model, which is an indicator of the diffusive processes taking place in the system, also relaxed faster than the diffusion timescale predicted analytically (
To explore the dependence of ion concentration on the electrochemical response, EcFM was used to study an Au electrode as a function of K 2 SO 4 concentration (Fig. 4) . The first harmonic EcFM amplitude response is represented as response vs. bias where each time is
represented by a different colour to effectively show the complex bias dependence and subsequent relaxation present within the data. Measurements are performed at 200 nm from the Au surface in milliQ water and 1 mM, 10 mM, and 100 mM K 2 SO 4 . In both milliQ water ( Fig.   4a ) and 1mM K 2 SO 4 ( Fig. 4b ) a bias-dependent response with a minima can be observed in the fast response regime, which quickly relaxes as determined by the RC time of the circuit, C  . In 1mM K 2 SO 4 , the transient relaxation time was determined in the same fashion as described for Supplementary Fig. 2a to be 391 ± 90 μs and 1.2 ms ± 0.1 ms , both of which are beyond the experimental detection limit (limited by the lock in amplifier time constant, 100 μs). In contrast, for both 10 mM (Fig. 4c ) and 100 mM K 2 SO 4 ( Fig. 4c) , no significant transient relaxation of the bias dependence in the chosen window (-375 mV -+250 mV) is observed. The charge screening is expected to occur faster as the concentration increases (2.0 ms for milliQ water and 12.9 μs for 10 mM 1:1 electrolyte, which is well below the current detection limit). To effectively probe charge screening dynamics in higher molarity electrolytes, sub-microsecond detection 35 could be incorporated into the EcFM setup. Interestingly, at larger biases in high molarity solutions, we begin to observe a strongly non-linear response. These processes are too slow (> 75 ms) for ion diffusion across the cantilever-sample separation and are attributed to electrochemical reactions taking place at the solid-liquid interfaces. The activation bias of these processes for negative tip bias begins at ~ -500 mV for both 10 mM and 100 mM, however, larger amplitudes are observed for 100 mM. Further ion concentration-dependent processes are observed at positive biases (> 1.1 V) for 100 mM but not for 10 mM solutions. The concentration-dependence of this 'gap'
between the apparent onset of bias-dependent processes warrants further investigation and requires differentiation of reversible and non-reversible processes.
Figs. 3 and 4 demonstrate that EcFM can be used to investigate charge screening dynamics and electrochemical processes in the probe-sample junction depending on the regime (bias, time, ion concentration). Furthermore, EcFM can be used both to determine CPD and to provide information on charge screening mechanisms.
EcFM mapping
The EcFM approach allows the 2D bias-and time-dependent spectroscopic response at a single point to be measured (Fig. 2 ). The natural question is then whether this strategy can be extended to detect material-specific electrochemical properties and ultimately achieve spatially-resolved EcFM imaging, where EcFM response is sampled in a dense spatial grid. Here, we introduce such a spectroscopic imaging approach. Fig. 5 is an example of 2D EcFM imaging in milliQ water across Au electrodes deposited on a SiO 2 layer. Here, 2D EcFM bias-and time-dependent spectroscopic response was recorded at specified locations in a 30  30 grid across the electrodes (Fig. 5a) , giving rise to a 4D data set (x, y, bias, time). A quantitative and systematic analysis of the spatial variability of the bias and time dependence of the EcFM response requires a complete physical model of the signal formation mechanism. However, the complexity of the response mechanism in EcFM currently precludes the establishment of a suitable physical model, as is the case for many other AFM techniques (e.g., electrochemical strain microscopy). In order to demonstrate the spatial variability present in the data, we have plotted the first and second harmonic EcFM amplitude response recorded 5 ms after the onset of the +1.5 V and -1.5 V bias pulses ( has changed between the application of positive and negative biases. For Au, the first harmonic EcFM response is polarity-dependent, whereas the second harmonic response for Au is the same for both ±1.5 V. The presence of such spatially-dependent contrast demonstrates that the EcFM signal is localized and dependent on the electrochemical properties of the material below the tip.
Shown in
Discussion
We have implemented a generalized approach for electrochemical measurements in liquids containing mobile ions, combining the force-sensitivity of AFM with the ability to probe the bias and time dependence of sample-dependent electrochemical dynamics at the probe-sample junction and spatially across boundaries between dissimilar materials. This approach provides a framework to elucidate details of electrochemical processes at the solid-liquid interface. With improvements in detection time-scales, EcFM can potentially be used to record and deconvolve fast charge dynamics and electric double layer formation processes in high molarity electrolytes.
Furthermore, while practical considerations (e.g., data acquisition time vs. system stability) presently render acquisition of higher density EcFM images challenging, the adoption of fast lock in detection and suitable data visualization approaches (e.g., principal component analysis 36 ) can make this technique fully viable.
EcFM has the potential to provide fundamental insight into ion charge diffusion and relaxation as a function of tip-sample separation and frequency (AC voltage and DC bias sweeps), and may be combined with measurements of current for direct comparison with conventional electrochemical measurements. EcFM measurements will be useful in the study of local electrochemically-induced changes in charge density due to both ion adsorption/desorption and electron transfer at the solid-liquid interface and other phenomena central to biological and energy research. Measurements were performed from low to high concentrations using the same cantilever. 
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